Objective-During coagulation, factor IX (FIX) is activated by 2 distinct mechanisms mediated by the active proteases of either FVIIa or FXIa. Both coagulation factors may contribute to thrombosis; FXI, however, plays only a limited role in the arrest of bleeding. Therefore, therapeutic targeting of FXI may produce an antithrombotic effect with relatively low hemostatic risk. Approach and Results-We have reported that reducing FXI levels with FXI antisense oligonucleotides produces antithrombotic activity in mice, and that administration of FXI antisense oligonucleotides to primates decreases circulating FXI levels and activity in a dose-dependent and time-dependent manner. Here, we evaluated the relationship between FXI plasma levels and thrombogenicity in an established baboon model of thrombosis and hemostasis. In previous studies with this model, antibody-induced inhibition of FXI produced potent antithrombotic effects. In the present article, antisense oligonucleotides-mediated reduction of FXI plasma levels by ≥50% resulted in a demonstrable and sustained antithrombotic effect without an increased risk of bleeding. Conclusions-These results indicate that reducing FXI levels using antisense oligonucleotides is a promising alternative to direct FXI inhibition, and that targeting FXI may be potentially safer than conventional antithrombotic therapies that can markedly impair primary hemostasis. (Arterioscler Thromb Vasc Biol. 2013;33:1670-1678.)
T hrombin generation is required for hemostasis at sites of vascular injury. This process is typically initiated when extravascular and subendothelial proteins, including tissue factor (TF) and collagen, are exposed to flowing blood, triggering platelet activation and formation of the TF/factor VIIa (FVIIa) complex. TF/FVIIa, in turn, activates FIX and FX that catalyze the production of thrombin. Thrombin clots fibrinogen and activates platelets and FXIII, contributing to the formation of a stable hemostatic plug. 1, 2 In contrast to hemostatic mechanisms that cause the arrest of bleeding, thrombosis that can restrict or block normal blood flow occurs within the lumen of blood vessels in response to vascular injury, altered blood flow patterns (eg, stenoses), and predisposing functional abnormalities of platelets and coagulation pathways. The coagulation protein FXI plays a limited role compared with FVIIa in hemostasis. [3] [4] [5] [6] Humans lacking FXI have a relatively mild disorder characterized by excessive trauma induced hemorrhage in tissues with high-fibrinolytic activity. 3 However, several recent studies in rodents and nonhuman primates suggest that FXI contributes significantly to thrombosis. 7, 8 Furthermore, humans with increased levels of FXI are at an increased risk for venous thrombosis, myocardial infarction, 9, 10 and stroke, [9] [10] [11] whereas patients with severe FXI deficiency have a reduced incidence of ischemic stroke 12 and deep-vein thrombosis. 13, 14 The observation that FXI plays a significant role in thrombosis, with only a modest contribution to hemostasis, makes it an attractive target for pharmacological anticoagulant therapy. 3, 15, 16 
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Several studies have supported the concept that inhibition of FXI might reduce thrombus formation without a significant risk of increased bleeding. FXI-deficient mice are viable without obvious hemostatic abnormalities. 7 FXI deficiency protects mice from experimental thrombosis, including ferric chloride (FeCl 3 )-induced vessel occlusion in both carotid artery 7, 17 and inferior vena cava thrombosis models. 18 Antibodies that inhibit FXIa activity, or prevent FXI activation by FXII, potently inhibit experimental thrombosis in rodent, rabbit, and primate models. 8, 15, 16, 19 More recently, we described a novel therapeutic approach to targeting FXI in which antisense oligonucleotides (ASOs) were used to selectively inhibit FXI mRNA expression, leading to a corresponding reduction of plasma FXI protein and activity. Treatment of mice with FXI ASOs produced potent, dose-dependent antithrombotic effects in arterial and venous thrombosis models without increased bleeding. 20 Furthermore, combining FXI inhibition with conventional anticoagulants and antiplatelet therapies (enoxaparin and clopidogrel) improved antithrombotic efficacy without an increase in bleeding tendency. These studies demonstrate that a significant antithrombotic benefit can be achieved through FXI inhibition, and that complete depletion of FXI is not required for this benefit in rodent models of thrombosis. The concept of selective inhibition of FXI with antisense technology has recently been extended to humans, where subcutaneous (weekly) administration of the FXI ASO ISIS-FXI RX resulted in dose-dependent reductions in circulating FXI protein and activity, with a corresponding elevation in activated partial thromboplastin time (aPTT), but without any effect on prothrombin times. 21 Because a reduced risk of thrombosis in humans has only been demonstrated in patients with severe FXI deficiency, the present study in primates was undertaken to define FXI ASO dose-response relationships for levels of anticoagulation and antithrombotic activity that might ultimately be achieved in clinical applications in humans. Accordingly, we assessed the antithrombotic activity and safety of titrated inhibition of FXI in a well-characterized baboon model of thrombosis and hemostasis.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Inhibition of FXI With aXIMab: Effects on Thrombosis in the Baboon Model
Previously, a monoclonal antibody targeting FXI (aXIMab), given at a dose of 2 mg/kg, was shown to reduce levels of plasma FXI activity in baboons by 99%. 15 To estimate the minimum level of FXI inhibition necessary to achieve measurable antithrombotic activity in the baboon thrombosis model, aXIMab was administered intravenously to baboons at increasing doses that achieved graded levels of FXI inhibition. At the various levels of FXI, which were observed after aXIMab treatment, propagated thrombus formation was assessed in each case as the accumulation of 111 In platelets within the 10-cm long region of the arteriovenous shunt that was immediately distal to the 2-cm long collagen-coated graft segment (designated the tail of the graft thrombus; Figure 1A ). As shown in Figure 2A , 50% inhibition of FXI plasma activity resulted in ≈50% inhibition of thrombus propagation after 60 minutes of blood flow. Measurable platelet accumulation was detected as early as 20 minutes after graft blood exposure, and a significant difference between the control and aXIMabtreated groups was apparent by 30 minutes ( Figure 2B ). In the control group not given aXIMab, and the group in which aXIMab produced <40% inhibition of FXI, measurements of platelet accumulation in propagated thrombus were similar and averaged ≈4×10 9 platelets deposited by 60 minutes ( Figure 2B ). Inhibition of FXI levels to 45% to 75% of baseline values resulted in ≥50% inhibition of platelet deposition (≈1.4×10 9 platelets deposited by 60 minutes), and >80% FXI inhibition resulted in almost complete abolition of thrombosis (≈0.2×10 9 platelets deposited by 60 minutes) compared with the control results ( Figure 2B ). These effects were specific for FXI because FXII activity was not affected when FXI levels were reduced with the aXIMab antibody (data not shown).
Selective Inhibition of Baboon FXI With ASOs
The cynomolgus monkey/human cross-reactive FXI ASOs contained 2 mismatched bases compared with the baboon FXI mRNA sequence and would, therefore, not have been expected to be active in this species. These mismatches were converted to the baboon sequences, and 3 baboon-specific FXI ASOs were evaluated for in vivo activity in baboons. The most potent of these baboon-specific FXI ASOs was then used to characterize the relationship between FXI plasma levels and antithrombotic activity in the baboon thrombosis model. The ASO was administered to a cohort of 4 baboons at a dose of 25 mg/kg, given 3× per week. The dosing intervals in each case are indicated by the shaded regions in Figure 3 . FXI protein and activity levels were measured over the course of each experiment. After treatment, both FXI levels and FXI plasma activities were reduced in the 4 study animals, with similar kinetics. Inhibition of FXI plasma activity by 50% was achieved in all animals by day 25, reaching maximum inhibition (≈70%) toward the end of each infusion period ( Figure  3A ). FXI protein levels were similarly reduced (≈50%) during the infusions. After dosing was discontinued, both FXI protein and activity levels gradually increased over several months time. The prolonged reduction of FXI activity/protein is a function of the long tissue half-life of ASO in liver. FXI ASO treatment in cynomolgus monkey 22 produced a substantial reduction in FXI mRNA in liver after cessation of ASO dosing, which correlated with the long tissue half-life of the ASO (≈3 weeks) and with FXI antigen reduction and eventual recovery. Because baboons were not euthanized in this study, we do not have data on RNA reduction. However, we expect results to be similar to our published results in cynomolgus monkey.
ASO inhibition of FXI activity correlated with effects on a functional coagulation parameter, the aPTT. The aPTT measurements increased over the course of ASO treatment, and corresponded well with the decrease in FXI protein and activity levels ( Figure 3B ). When ASO administration was discontinued, elevated aPTT values gradually returned toward normal levels within several months. As expected for an inhibitor of the intrinsic pathway, no changes in prothrombin times values were observed after administration of FXI ASOs (data not shown).
Protection of FXI ASO-Treated Baboons From Collagen-Initiated Thrombus Propagation
Because administration of FXI ASOs resulted in timedependent reductions in both FXI protein and FXI activity in the blood of treated baboons ( Figure 3A) , the capacity of ASOmediated inhibition of FXI to reduce thrombus formation was subsequently evaluated in the baboon thrombosis model. In this model, it has been shown that thrombus that forms on the collagen-coated graft segment is platelet rich and relatively insensitive to inhibition by conventional anticoagulants, such as heparin. Although potent coagulation protease inhibitors, such as D-phenylalanyl-L-prolyl-Larginine chloromethylketone and hirudin, can block thrombus formation on collagen in this model, these and other inhibitors of thrombin activity, or thrombin formation, can also produce severe bleeding. 23 Consistent with these findings, little effect on thrombus accumulation on the collagen-coated grafts was seen after either administration of aXIMab at a dose that inhibited plasma FXI activity by <80%, or administration of FXI ASOs that produced marked reductions in plasma FXI levels ( Figure 4A ). When the 60-minute end point results ( Figure 4A ) were combined with results taken in 6 additional control animals, the levels of platelet accumulation in the treated group (2.77±0.11×10
9 platelets deposited at 60 minutes) were not different versus the results found in the control group (2.67±0.24×10 9 platelets deposited; P>0.5). In contrast, the formation of fibrin-rich thrombus that propagates downstream from the collagen-graft segment (ie, the thrombus tail in Figure 1 ) is triggered by upstream thrombin generation and is sensitively inhibited by anticoagulants, such as heparin, 16 low-molecular weight heparin (enoxaparin, 1 mg/ kg IV), or by a saturating dose of aXIMab (≥0.1 mg/kg IV) that inhibits >99% of FXI procoagulant activity. 15 In the present study, inhibition of FXI activity by >80% using aXIMab produced near complete inhibition of propagated thrombus ( Figure 2 ). In accord with this finding, FXI ASO treatment also reduced platelet accumulation in propagated thrombus significantly ( Figure 4B ). As shown in Figure 5 , when the end point results for the 4 treated animals ( Figure 4B ) were combined with the results from the 6 additional control studies, propagated thrombus accumulation after 60 minutes averaged 2.40±0.33×10 9 platelets deposited in the ASO-treated animals, a value that was reduced by 41% compared with the control group results (4.06±0.83×10
9 platelets deposited; P=0.037 versus the ASO-treated group). Interestingly, although a clear reduction of propagated thrombus formation was observed in 3 baboons ( Figure 4B ), little effect was seen in the fourth study animal (baboon no. 1). This result is most likely explained by the unusually low control values for platelet deposition on both collagen-induced and propagated thrombus, as discussed subsequently. Nonetheless, the overall results document a significant benefit of ASO therapy for inhibition of propagated thrombus formation, and are consistent with earlier studies, and the present results with the anti-FXI monoclonal antibody (aXIMab), showing that propagated thrombus (ie, venoustype, fibrin-rich thrombus) is sensitively inhibited by anticoagulants, whereas collagen-induced thrombus (ie, platelet-rich, arterial-type thrombus) is resistant to inhibition by anticoagulants (but may be inhibited by antiplatelet agents). The measurements of platelet deposition in propagated thrombus, taken over a wide range of FXI levels, showed a good correlation between antithrombotic efficacy and reduced FXI levels ( Figure 6A ). These data suggest that titrated inhibition of FXI can achieve graded and potent antithrombotic activity in nonhuman primates, and that the minimally efficacious level of FXI inhibition is ≈50% versus baseline values as shown by results with both the FXI antibody ( Figure 2 ) and FXI ASO ( Figure 6A ).
Reduced Thrombin Generation in FXI ASO-Treated Baboons
Conceptually, FXI inhibition could reduce thrombus formation in vivo by limiting thrombin production (and , thrombogenic vascular graft segment (A), and representative γ camera images of an acutely developing thrombus within the thrombogenic segment, measured in a baboon with normal factor XI levels (B). Circulating 111 Indium-labeled platelets accumulate at sites of thrombus formation. Platelet deposition on the collagen segment (ie, accumulated 111 Indium activity that is measurable above circulating background levels) appears within 10 minutes after restoring blood flow through the shunt. Images obtained at later times (30 minutes, 60 minutes) show propagation of the thrombus into the distal shunt tubing. Images were obtained in real time and acquired at 5-minute intervals. The blood flow rate was 100 mL/ min (initial wall shear rate, 265/s).
thrombin-mediated platelet activation) through the FXIdependent amplification pathway, 15 and by increasing thrombolysis by limiting FXI-dependent thrombin activatable fibrinolysis inhibitor activation. 24 Previously, we showed that the antithrombotic activity of aXIMab was associated with potent inhibition of thrombin-antithrombin complex generation and fibrin accumulation, but not with reduced D-dimer levels, suggesting that the antithrombotic effects of FXI inhibition were principally because of reduced platelet activation and fibrin formation. 15 To assess the effects on thrombin generation of ASO-mediated reduction of FXI in baboons, an ex vivo thrombin generation assay was used. Samples taken from FXI ASO-treated animals were evaluated for their ability to generate thrombin on stimulation with small amounts of TF ( Figure 6B ). To exclude interference attributable to contact system activation, samples were pretreated with a 10-fold molar excess of corn trypsin inhibitor with respect to FXII levels. At normal levels of FXI, thrombin generation (PTG) reached a maximum of ≈35 nmol/L. After 2 weeks of treatment with ASO, FXI plasma levels were reduced by 30%, and there was a significant delay in thrombin generation as well as a dramatic reduction in PTG (60%-75%). When FXI plasma levels were reduced to <50% of normal, thrombin generation was virtually abolished ( Figure 6C ). Thus, when limiting amounts of TF are used to trigger clotting, thrombin generation is sensitive to the plasma levels of FXI. These findings indicate that the potent antithrombotic effect in baboons of FXI depletion by ASO is mediated through an initial inhibition of thrombin generation, with subsequent reductions in platelet activation and fibrin mesh formation. In addition, these data demonstrate that even partial inhibition of FXI (≈50%) can have a dramatic impact on thrombin generation in primates.
Treatment With FXI ASO Does Not Prolong the Bleeding Time in Baboons
Previously, it was demonstrated that reducing functional FXI levels with aXIMab did not prolong the bleeding time in baboons, whereas pretreatment with a single dose of aspirin nearly doubled the bleeding time. 15 Various other antiplatelet agents and anticoagulants have also been demonstrated to increase the bleeding time in baboons. 25 When the safety of FXI ASOs with respect to bleeding was investigated in cynomolgus monkeys, the bleeding time in both naïve and FXI ASO-treated animals was ≈2 minutes. 22 In an enoxaparintreated group (2 mg/kg), the bleeding time was ≈10 minutes. 22 In the present study, the safety of FXI inhibition with ASO treatment was also measured using the same method (duration of bleeding after a standardized skin incision). The results are given in Figure 7 . Multiple bleeding time measurements were taken in each of the 4 baboons studied, beginning at least 2 weeks after administration of the ASOs, at which time the levels of FXI antigen and activity were reduced, and aPTT measurements were prolonged (Figure 3 ). Bleeding time measurements in the control group and in the 4 ASOtreated animals were similar (≈4 minutes; Figure 7) . Overall, 25 measurements were performed in 9 naïve baboons and averaged 3.9±0.3 minutes. In the 4 ASO-treated animals, a total of 21 measurements were performed after at least 2 weeks of ASO administration and averaged 4.0±0.3 minutes (P>0.5 versus controls).
Discussion
In mouse models of thrombosis, antithrombotic activity was observed when plasma FXI levels were reduced by ≈80% or more. 20 In cynomolgus monkeys, a 25% to 30% reduction in plasma FXI activity by ASOs resulted in significant elevations of the aPTT (by 10%-17%), suggesting that even modest reductions in FXI may be therapeutically relevant. 22 Because appropriate cynomolgus monkey models were not available to test this hypothesis, a well-characterized baboon model of thrombosis and hemostasis was used. Previously, significant antithrombotic activity was demonstrated with the FXI monoclonal antibody aXIMab; however, the single dose level of aXIMab that was evaluated produced nearly complete elimination of FXI activity from plasma, making it difficult to ascertain the antithrombotic threshold for FXI inhibition. 15 Therefore, the current study was performed to determine the minimum level of plasma FXI inhibition necessary to document an antithrombotic effect in primates, thereby helping guide dose selection for possible FXI inhibition An intravenous injection of antibody targeting factor XI (FXI; doses ranging from 40 to 70 µg/kg) was given to 4 baboons, and blood samples were collected into citrate anticoagulant. Inhibition of FXI plasma activity by ≈50% produced ≈50% inhibition of platelet deposition in propagating thrombus, as assessed from γ camera images taken at the study end point, 60 minutes after the intiation of blood flow (A), or by dynamic imaging of platelet deposition over the entire 0-to-60 minute study interval (B).
therapies in humans. Dose titration of aXIMab demonstrated that a reduction of ≈50% in FXI protein levels resulted in an ≈50% inhibition of fibrin-rich thrombus that propagated distal to a collagen-coated segment of vascular graft, whereas >80% reduction of FXI nearly abolished propagated thrombus formation. Similarly, after ASO-mediated inhibition of FXI, a reasonably good correlation was found between reduced FXI plasma levels and inhibition of propagated thrombus formation ( Figure 6A ). Similar to the results with aXIMab, ASO administrations that reduced FXI levels by ≈50% produced 40% to 50% inhibition of thrombus propagation. Because the ASO dose regimen used here (25 mg/kg, 3 times/ wk) reduced FXI levels by ≈50%, it is likely that even greater inhibition of FXI-dependent thrombus propagation (>50%) could be achieved by ASO regimens that would further reduce FXI levels, a possibility consistent with an earlier study in which near complete inhibition of FXI activity by aXIMab produced potent antithrombotic effects. 15 Antisense technology was used to selectively reduce the level of the plasma coagulation protein FXI and to evaluate this strategy for the treatment of thromboembolic disease. Potent second generation ASOs (2′-methoxy ethyl modified, MOE Gapmer ASOs) 26 were used in the study. Antisense technology takes advantage of base-pair hybridization of the oligonucleotide with its complementary sequence in the target mRNA, 20 binding results in the selective and catalytic degradation of the targeted mRNA by a mechanism involving the nuclease RNAse H [26] [27] [28] and leads to a corresponding selective reduction in target protein level. [20] [21] [22] [23] [24] [25] [26] [27] Second generation ASOs are an attractive drug class to target coagulation factors for several reasons. The technology allows for the rapid identification of highly selective inhibitors based on the linear sequence information of the targeted mRNA sequence, which are well characterized for coagulation factors. Because of prolonged tissue elimination half-lives, second generation ASOs can be administered by relatively infrequent subcutaneous injections (once weekly or even less often), regimens that are convenient for patients. 28 Compared with other anticoagulant modalities, including small molecule inhibitors and the natural product anticoagulants, such as warfarin, antisense inhibitors offer a high degree of target selectivity, which should confer an additional measure of safety versus less selective pharmacological agents. Finally, FXI is synthesized primarily in the liver, which is one of the most sensitive tissues for targeting with ASO therapy. 20, 27, 29 One potential issue with ASOs is their relatively slow onset of action that arises because of the need for accumulation in target tissues (liver). However, some clinical conditions requiring anticoagulant therapy are chronic, and therefore the onset of action is of less concern. In such cases, ASOs can potentially be self-administered at home by weekly to twice monthly subcutaneous injection. Although less convenient than oral drug administration, for serious chronic diseases, such a regimen seems quite acceptable. 30 Several second generation ASOs are currently in clinical development and have demonstrated significant therapeutic activity and safety in multiple disease indications. 20, 27, 28 With FXI ASO having a slow onset of action but being long acting, this drug may be ideal for prevention purposes, including prevention of stroke in patients with atrial fibrillation, and prevention of adverse cardiovascular events in patients with coronary artery disease. In addition, this drug may be useful for preventing clots in patients at risk for venous thromboembolic disease. Toward this end, the human FXI antisense drug, FXI ASO ISIS-FXI Rx , has recently demonstrated robust activity in humans. FXI antigen and activity levels were safely reduced by >95% in a phase I study involving healthy volunteers, with no evidence of bleeding. 21 FXI is a component of the classic intrinsic pathway of blood coagulation, which has been shown to contribute to thrombin generation and clot formation in both arterial and venous models of thrombosis. We previously demonstrated that targeting FXI expression with ASO technology in mice resulted in a highly specific, dose-dependent reduction of FXI mRNA Figure 4 . Effect of factor XI (FXI) antisense oligonucleotides (ASOs)-mediated inhibition on thrombus formation in individual study animals. Platelet deposition was quantitated within the components of the thrombogenic device that was inserted into arteriovenous shunts in baboons, including (A) the proximal, 2-cm long collagen-coated graft segment (designated the head of thrombus in Figure 1 ) and (B) the 10-cm long shunt segment containing thrombus that propagated immediately distal to the collagen segment (designated the tail of thrombus in Figure 1 ). FXI depletion with FXI ASO had little effect on thrombus formation on the collagen segment (A). In contrast, propagated thrombus, which is dependent on upstream thrombin generation, was reduced by ASO depletion of FXI (B). July 2013
in the liver and FXI protein in plasma. 20 In several venous and arterial thrombosis models, the ASOs exhibited antithrombotic effects that were comparable in magnitude with those of warfarin and enoxaparin. However, unlike treatment with warfarin and enoxaparin, FXI ASO treatment did not result in increased bleeding. Combining FXI ASOs with conventional antiplatelet drugs such as clopidogrel, or anticoagulants such as enoxaparin, might further enhance antithrombotic potency without potentiating the bleeding risk commonly associated with such drugs. 20 In baboons, a single administration of aXIMab led to rapid inhibition of plasma FXI levels (≈40% by 60 minutes) and an increase in total FXI plasma protein levels circulating in complex with the antibody, reaching ≈300% of control values by day 8. Recovery of FXI procoagulant activity to baseline levels was delayed for >3 weeks. 15 FXI protein levels continued to decrease over the period of ASO dosing and after cessation of ASO dosing. FXI protein levels and activity subsequently recovered over time but never surpassed 100% of baseline levels. Thus, no rebound effect occurred after FXI inhibition by ASOs. Similarly, FXI reduction by ASOs in mice was not associated with a rebound increase in FXI protein or activity levels. 20 The absence of a rebound of functional FXI in multiple species after FXI inhibition is important because it suggests that the risk of an induced prothrombotic state after ASO cessation is minimal. It is not clear at this time whether the elevated FXI antigen levels seen in the antibody-treated baboons represent increased FXI synthesis, or whether the clearance of antibody-associated FXI is prolonged versus the normal plasma half-life of FXI (≈48 hours in humans) .
Surprisingly, in 1 of 4 animals studied, ASO therapy did not reduce platelet thrombus propagation as expected (baboon no. 1; Figure 4B ). In reviewing these data, it was noted that platelet deposition onto the proximal collagen-coated graft segment in this study was unusually low ( Figure 4A) ; in fact, the apparent effect of ASO in this animal was to increase platelet thrombus deposition on collagen. Such an effect seems highly unlikely both conceptually, 4 and in view of the other results reported here. This finding is also not in accord with previous studies documenting that anticoagulants have invariably inhibited thrombosis in this model, 23, 25 and that FXI inhibition by monoclonal antibodies (aXIMab) and FXI ASOs has consistently reduced thrombus formation in this and other thrombosis models. 8, [15] [16] [17] [18] [19] [20] Moreover, FXI levels were markedly reduced in this study animal to levels comparable with those seen in the other 3 ASO-treated animals. It is more likely, therefore, that the control data for baboon no. 1 ( Figure 4A and 4B) were artifactually reduced. Indeed, in this animal platelet deposition on collagen averaged only 1.7×10 9 platelets, a value 9 platelets deposited (n=18; Figure 4B ), a value that was reduced significantly (by 41%; P=0.037) vs the control group results (4.06±0.83×10 9 platelets deposited; n=10). The control values included measurements in the 4 study animals that were taken before ASO treatment (data in Figure 4B ), plus results in 6 additional untreated control animals. Figure 6 . Samples taken from factor XI (FXI) antisense oligonucleotide (ASO)-treated animals were evaluated for their ability to generate thrombin on stimulation with small amounts of tissue factor (TF). As plasma levels of FXI were reduced by ASO treatment, thrombus propagation (A) and peak thrombin generation (PTG) levels (B) were also reduced. When FXI plasma levels were inhibited by >50%, thrombin generation was virtually abolished (C).
well below the other results reported here ( Figure 4A ), and elsewhere for this model (average range, 2.8-3.7×10 9 platelets deposited). 8, 15, 31 Because platelet deposition on collagen was reduced versus expected and historical values, it is therefore likely that distal thrombus propagation, which is triggered by proximal thrombus formation on the collagen surface, was reduced as well. The reason for this aberrant finding is unclear, but may have been related to the paired experimental design, which necessitated for each ASO-treated animal that ≈5 weeks elapse between the performance of the control study (before ASO treatment) and the measurements of thrombus formation (after FXI reduction by ASO), during which time the animal's hemostatic baseline may have changed. Despite this unusual finding, inclusion of all animal data in the final analysis documented a significant reduction (by 41%) in thrombus propagation by ASO therapy versus the control results (P=0.037). Moreover, because the data from baboon no. 1 must be considered questionable in terms of observed antithrombotic benefit, the overall benefit of ASO therapy reported here (average reduction of thrombus by 41%) should probably be considered a minimum, rather than maximum, estimate.
The safety of FXI ASO therapy has been evaluated in cynomolgus monkeys, 22 and in a human phase 1 clinical trial as noted above. 21 Reductions of FXI by >80% in cynomolgus monkeys did not cause increased bleeding after surgical or other mechanical injuries, including partial tail amputation and gum and skin laceration. 22 Similarly, baboons treated with anti-FXI antibody or ASOs in the present study did not exhibit increased bleeding during surgical procedures for arteriovenous shunt placement or removal. Moreover, in healthy human volunteers, ISIS-FXI RX reduced FXI plasma activity by >90% with no reported drug-related bleeding. 21 These findings are consistent with observations that spontaneous bleeding (with the exception of menorrhagia) is rare in patients with severe FXI deficiency. Although FXI inhibition does seem to be safe with respect to bleeding, the prolonged tissue half-life of antisense drugs makes it necessary to have strategies available that can reverse the effect of the ASO during a bleeding episode, or when surgery or other interventional cardiovascular procedures are required on an emergency basis. Because ASOs reduce circulating levels of FXI, and do not produce a direct inhibitory effect on the circulating protein, replacement with FXI concentrate rapidly reverses the anticoagulant effect of FXI ASO treatment in mice. 20 Similarly, simple protein replacement using plasma should quickly reverse any hemostatic defect produced by reduced FXI levels after ASO therapy.
In summary, this study demonstrates that selective inhibition of FXI can be achieved in cynomolgus monkeys and in baboons, without an increased risk of bleeding. In baboons treated with both aXIMab and FXI ASOs, an antithrombotic effect was achieved with only modest reductions in plasma FXI levels. These results suggest that FXI ASOs represent an attractive therapeutic strategy based on their potency, selectivity, and favorable risk/benefit profile. 
